Abstract -We investigated potential-induced degradation (PID) in silicon mini-modules that were subjected to accelerated stressing to induce PID conditions. Shunted areas on the cells were identified with photoluminescence and dark lock-in thermography (DLIT) imaging. The identical shunted areas were then analyzed via time-of-flight secondary-ion mass spectrometry (TOF-SIMS) imaging, 3-D tomography, and high-resolution transmission electron microscopy. The TOF-SIMS imaging indicates a high concentration of sodium in the shunted areas, and 3-D tomography reveals that the sodium shunts remain more than 2 microns from the surface. TEM investigation reveals that a stacking fault is present at an area identified as shunted via DLIT imaging. After removal of surface sodium, tomography reveals persistent sodium present around the junction depth of 300 nm, and a drastic difference in sodium content at the junction when comparing shunted and non-shunted regions.
I. INTRODUCTION
Potential-induced degradation (PID) is a challenging reliability issue for crystalline silicon solar cells causing significant power loss in fielded modules and even total module failure [1] [2] [3] [4] [5] [6] [7] [8] . PID is believed to be caused by the diffusion of metal ions K and Na + from the front glass that are driven into the silicon by the high voltage present [1, 3, 4, 7] . Several studies by Naumann and Bauer have revealed an increase of sodium in and around PID shunted areas via a variety of characterization methods including time-of-flight secondary-ion mass spectrometry (TOF-SIMS), which showed surface sodium concentrations near shunts that transmission electron microscopy (TEM) analysis identified as stacking faults [1, 7] . We expand upon these prior studies by using TOF-SIMS 3-D tomography data to investigate the concentration of sodium in and around PID shunted areas in three dimensions, and we make correlations to the root-cause structural defects via TEM analysis of similar areas.
II. EXPERIMENTAL
A single polycrystalline silicon cell mini-module was prepared with a glass substrate and superstrate, using prepolymerized ethylene vinyl acetate encapsulant, and held together with clamps. The mini-module was stressed under a constant voltage bias of -1000 V applied to the shorted module leads at a temperature of 25 °C and 10% relative humidity for two weeks in an environmental chamber. The glass superstrate surface was grounded with aluminum foil, and pressure was applied by a rubber mat to assist in achieving good metal-glass contact during the course of the PID stress testing. Significant PID was observed by the development of shunting in the dark current-voltage (I-V) curves captured periodically over the course of the stress test. The area-normalized shunt resistance dropped from 6.2×10 5 ohm cm 2 to 52 ohm cm 2 after the PID stressing. The minimodule was then delaminated to extract the cell. Photoluminescence (PL) and dark lock-in thermography (DLIT) imaging was completed, followed by laser marking to identify PID areas seen in the PL and DLIT images. These laser marks allowed for the exact areas identified as shunts in the DLIT to be located in the SIMS and the focused ion-beam (FIB) instruments for further chemical and structural characterization.
The shunted areas were then analyzed in the TOF-SIMS, using an ION-TOF TOF SIMS V instrument. SIMS is a powerful analytical technique for determining elemental and isotopic distributions in solids [1, 2] . TOF-SIMS imaging and 3-D tomography was used to measure the lateral and depth distribution of sodium in and around PID shunted areas. An oxygen ion beam with a variable energy from 600 eV to 3 KeV was used as the sputtering beam (sputtering current 3-60 nA). Secondary ions for analysis were created by a 3-lens 30-keV BiMn ion gun. 3-D tomography was completed using a Bi 3 ++ primary ion-beam cluster (100-ns pulse width, 0.1-pA pulsed beam current), this measurement mode is capable of better than 100-nm lateral-resolution chemical imaging. Standard depth profiling was completed using a Bi + primary ion-beam operated in bunched mode (10-ns pulse width, 1-pA pulsed beam current).
III. RESULTS Figure 1 shows a compilation of 2-D TOF-SIMS images showing the accumulation of sodium on the surface of a PIDstressed device in the area around a PID shunt identified via DLIT. Bright areas correspond to a high sodium concentration, and dark areas to a low concentration. This shows the accumulation of sodium on the surface, as has been observed previously [1] . This sodium accumulated on the surface could act as a reservoir for sodium diffusing into the 978-1-5090-5605-7/17/$31.00 ©2017 IEEE bulk of the silicon via any structural defects that may be present.
It is important to consider SIMS cascading or drive-in effects from the sputter beam when looking at samples with such a high surface concentration, as is the case for sodium in these specimens. To investigate possible artifacts from cascading, some later analysis was done on samples that were subjected to deionized (DI) water rinse (~5 s) to remove surface sodium. However, not all samples in this work were subjected to this rinse, because initially, electron backscatter diffraction (EBSD) mapping of shunted areas was done on some samples prior to TOF-SIMS imaging and tomography and it was unclear if removing surface sodium would hinder any possible correlations to the EBSD data. In the end, no conclusive correlations were made between the two techniques. However, our standard practice moving forward and our recommendation for other SIMS operators conducting future work in this area is that samples be subjected to a surface DI water rinse to eliminate possible artifacts due to cascading of the very high surface sodium content into the depth of the silicon during the measurement.
We have used 3-D tomography to reveal the 3-D distribution of sodium in PID shunted areas of polycrystalline devices as shown in Fig. 2B . The areas were identified as shunted via the presence of hot spots identified with DLIT. The corresponding DLIT image of this area is shown in Fig.  2A . The tomography in Fig. 2B reveals that appears to be several mm-sized hot spots in the DLIT image are actually a series of small areas rich in sodium. Some of these sodiumrich areas persist over 2 microns into the device. Other shunted areas that were similar in regard to the DLIT signature were selected for high-resolution chemical and structural investigations using scanning TEM. Figure 3A shows the DLIT-identified hot spot and the laser marks that locate the defect region. Figure 3B shows a lowmagnification electron beam induced current (EBIC) image for this area, and Fig. 3C is a higher-magnification EBIC image showing three defects. The squares in Fig. 3C show where FIB TEM sample lift-outs were made of these defects. Figure 3D shows a low-magnification bright-field TEM image of the FIB lamella identifying the location of a subsurface defect in the lamella, and Figs. 3E and 3F are higherresolution TEM images of the subsurface defect (that is present around the junction depth), which is identified as a stacking fault.
Tomography data for a non-shunted area are presented in Fig. 4A . Contrasted with Fig. 2B , it is clear that there is less sodium near the surface of the device and that there are no sodium-rich (presumably shunted) areas extending through the sampled area as observed in Fig 2B. Figure 4C shows the depth profiles from the tomography data presented in Figs. 2B and 4A, and indeed, we observe a difference in sodium concentration of about an order-of-magnitude between shunted and non-shunted areas not only in the junction area, but through the entire depth sampled. This observation is consistent with prior ones of higher sodium concentration at the surface of stressed samples [9] . (Fig. 4A) . Fig. 1 . TOF-SIMS image compilation of sodium on the surface of the sample near a PID shunted area identified by DLIT. Each image is a 500×500 μm image; the compilation shows the sodium accumulation over a nearly 3-mm area. Bright areas are areas of high sodium concentration; dark areas are those with low sodium concentration.
Area of ~3 mm imaged near DLIT identified hot spot
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Center of PID hot spot area marked by laser scribing 978-1-5090-5605-7/17/$31.00 ©2017 IEEE Fig. 3 . A) DLIT image of shunted area. The laser marks for area marking are also visible; the marks are ~1 mm apart. The red color corresponds to a higher temperature relative to the blue and black areas. B) EBIC image of the same area as shown in A. C) Highermagnification EBIC scan of the three center dark spots in B. The small rectangular boxes (red online) show the areas where FIB samples were removed for TEM analysis; the long edge of the rectangle is 50 μm. D) Low-magnification TEM image compilation of a FIB crosssectional sample of one of the areas shown in C; a box is drawn around the subsurface structural defect that was identified. E) Highermagnification image of the defect identified in D, which is now identified as a stacking fault. F) High-resolution TEM image of the subsurface stacking fault defect, which presumably contributed to the PID shunting identified by the DLIT image. Fig. 4 . A) TOF-SIMS 3-D representation of a non-shunted area showing the sodium distribution in a 200×200×2.9 μm volume; a noticeable lack of sodium shunts is observed. B) DLIT image of the corresponding area, the TOF SIMS analysis area is shown with the black box. The yellow and red colors correspond to a higher temperature relative to the blue and black areas. There is no localized heating within the identified non-defect area outlined by the box. There is heating from current conducted on the grid finger, which is why the area around the black gridline is yellow/red. C) Sodium concentration for the 3-D tomography data of Figs. 2B and 4A; a factor of 5-10 less sodium is present in the non-shunted area.
A.
B. C. Assigning a depth scale to SIMS data is normally straightforward. One typically measures the total crater depth with an interference light microscope to correlate the sputter time scale to a sputter depth. For samples with considerable surface roughness, such as the textured wafers investigated here, the interference light microscope measurement fails. In this case, a smooth piece of silicon is sputtered under identical conditions to determine the silicon sputter rate. Assigning an accurate depth scale of SIMS data like that in Fig. 4c is also challenging due to the two different materials (SiN and Si), because SIMS data generally assume a uniform sputter rate. However, for these samples, SiN sputters much slower than silicon; thus, assuming a uniform sputter rate significantly inflates the apparent thickness of the SiN layer. If the thickness of the uppermost layer is known, then assigning an accurate depth scale is straightforward (70-nm SiN thickness is assumed in this work). In this work, the interface between SiN and Si is not abrupt due to the texture of the silicon, and the interface between the two materials appears to transition from SiN to Si for over 500 s of sputter time, which could translate into an error of more than 250 nm in the total calculated depth of the measurement. The approach taken in this work was to differentiate the SiN + signal with respect to the sputter time. This results in a Gaussian peak in this transition region between the two materials, the centroid of which was taken as the transition (in sputter time) between SiN and Si. The smooth silicon sputter rate was then applied to the remaining sputter time to calculate the depth into the silicon that was sampled during profiling.
Surface sodium was removed from samples via a 5-second DI water rinse. This rinse removes surface sodium and allows an investigation into the sodium distribution without the high surface concentration convoluting the profiles due to SIMS artifacts such as ion-beam mixing and cascading [10] . Figure  6 shows the results of standard depth profiling of both stressed and unstressed cells (random areas chosen for analysis). Although sodium has clearly been linked to PID, there is sodium present in the unstressed devices as well. In the unstressed case, the sodium is detected only for the first 500 nm, whereas it persists to over three time this depth in the stressed cell. The key observation of Fig. 6 is that the sodium content in the stressed cell is higher at the junction depth (~300 nm) and persists to a much greater depth. Presumably, this is due to the subsurface sodium present in structural defects such as the stacking fault identified in Fig. 3 that is not washed away in the surface rinse. This observation is consistent with sodium migration into the bulk of the silicon via field-assisted diffusion through structural defects in the silicon resulting in PID. Shunted area is the top row, non-shunted is the bottom row. The lack of sodium-rich areas, which are presumably shunts in Fig. 2B , is apparent in the nonshunted area. A) near-surface region. B) SiN/Si interface region. C) 2.2 microns from the surface. All images are on a thermal scale; bright regions are high in sodium content, and the dark region is low sodium. The images were normalized to total counts to minimize topography effects on the SIMS intensity.
978-1-5090-5605-7/17/$31.00 ©2017 IEEE These observations are further supported by the tomography data on a DLIT identified shunted area that was rinsed to remove surface sodium, presented in Figs. 7A-C. A relatively high concentration of sodium at the surface is still observed but contrasted to the tomography data of the non-rinsed shunted area in Fig. 2B the highest concentration of sodium is not present right at the surface and only appears some distance from the surface. We presume this subsurface sodium is related to the shunt identified via DLIT that was not removed with the DI water surface rinse. This subsurface sodium is first detected in the transition region between the SiN layer and the silicon, which is consistent with the selected-area depthprofile data of shunted regions presented by Naumann [2] . Figure 7B shows a 2-D image for the three data points around the SiN/Si interface. Figure 7B also shows the areas that were selected from the tomography dataset for selected-area depth profiles. The circles in Fig. 7B are enlarged for clarity; the actual areas of analysis were circles ~8 μm in diameter. This allows reconstruction of the depth profiles from only selected portions of the larger 200×200 μm dataset. One area was chosen with high sodium content (which is the presumed shunt), and for comparison, one area was chosen for its apparent lack of sodium. The depth profiles from these two areas are presented in Fig. 7C . One can see that an identical sodium signal is observed for both samples through the SiN layer (~1200 s of sputtering). However, once the SiN/Si interface is reached, the sodium signal in the shunted region increases over two orders of magnitude, and it remains an order-of-magnitude higher than the unshunted region around the junction and through the sampled depth of the measurement (~1.5 μm). The higher sodium content in the junction region could be the mechanism causing PID in this area.
IV. CONCLUSIONS
We used PL and DLIT imaging to identify PID shunted and non-shunted areas on 6" polysilicon mini-modules that were subjected to accelerated PID stress. TOF-SIMS surface imaging reveals a significant accumulation of sodium at the surface in these areas. TOF-SIMS tomography reveals that most of the sodium is present at the surface and that these hotspot areas are actually a collection of many small areas with a high sodium concentration extending over several microns into the device. TEM analysis on a similar area identified as Fig. 6 . Depth profiles for randomly selected areas on stressed and unstressed modules; samples were subjected to a DI water rinse to remove surface sodium. In the stressed sample, the sodium concentration is higher near the junction (~300-nm depth) and remains high for well over a micron into the silicon. shunted with DLIT showed the presence of a stacking fault, consistent with prior observations [1] . Comparison of shunted areas with non-shunted areas of stressed and non-stressed devices reveals that overall sodium concentration is higher in stressed cells and that non-shunted areas show a lack of the high-concentration sodium agglomerations seen in the shunted areas. Analysis of samples where surface sodium was removed showed a significant increase in subsurface sodium near the SiN/Si interface in shunted areas, and a much higher sodium content near the junction, which could be the mechanism causing PID in this area. The U.S. Government retains and the publisher, by accepting the article for publication, acknowledges that the U.S. Government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published form of this work, or allow others to do so, for U.S. Government purposes.
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